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reference area, maximum body cross-sectional area, cm?

rag
A

oo

drag coefficient,

lift coefﬁcient,Lft—
docA

lift-curve slope, per rad

pitching-moment-curve slope (based on linear pitching-moment curve), per rad
aCy, N f)Cm
A(qd/V) o(ad/V)

reference diameter, maximum body diameter, cm

, per rad

damping-in-pitch derivative,

moment of inertia about the roll axis, g-cm?

moment of inertia about transverse axis through center of gravity, g-cm?
Mach number

model mass, g

number of data points

static pressure, mmHg

angular pitching velocity, rad/sec

free-stream dynamic pressure, N/m?

Reynolds number based on free-stream gas properties and model reference diameter,
d

radius of curvature of rounded corners and cone apex, cm
1 12
standard deviation, 7 Te?
velocity of the model with respect to the atmosphere, km/sec
earth-fixed axes; also displacements along these axes, cm
axial distance from model nose to center-of-gravity location, cm

transverse distance from model axis of symmetry to center-of-gravity position, cm
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iv

angle of attack (angle, projected onto the xz plane, between model longitudinal axis
and the stream direction), deg

average value of maximum-angle envelope with respect to the trim angle of attack,
deg

average value of minimum-angle envelope with respect to the trim angle of attack, deg

X_2 12
root-mean-square resultant angle of attack, <M> , deg
X

resultant angle of attack, tan 'y/tan? a + tan2p, deg

resultant trim angle of attack, deg

angle of sideslip (angle, projected onto the xy plane, between model axis of sym-
metry and the stream direction), deg

deviation of the measured results from a fitted curve or a mean value

2
dynamic-stability parameter, Cp~ Cy + (Cm + Cnm ) (:,1)
o q QL

free-stream density, g/cm3

transverse radius of gyration with respect to the center of gravity of the model,
(Iy/m)l/z, cm

first derivative with respect to time

Subscripts
base
corner
nose

free-stream conditions



VIKING ENTRY VEHICLE AERODYNAMICS AT M = 2 IN AIR
AND SOME PRELIMINARY TEST DATA FOR
FLIGHT IN CO, AT M = 11
Robert I. Sammonds and Robert L. Kruse

Ames Research Center

SUMMARY

The static and dynamic aerodynamic characteristics of the Viking Entry Vehicle have been
determined experimentally in free flight in air at a Mach number near 2. Preliminary results have
also been obtained in CO, at M_ = 11. The low speed tests in air confirmed a region of dynamic
instability previously observed at the Arnold Engineering Development Center (AEDC). The
instability was greatest at the smallest pitch amplitudes but decreased with increasing amplitude
until a limit cycle was reached at about 8°. The tests in CO, indicated increased drag coefficients of
3 percent with respect to those in air. Errors in the drag coefficient of this magnitude would
significantly affect the reconstruction of the Martian atmosphere during entry of the Viking
spacecraft.

INTRODUCTION

Aerodynamic data applicable to the Viking entry configuration are available in refer-
ences 1—13 for a wide range of test conditions. Among these, ballistic range data (refs. 1 and 2)
have shown configurations of this general shape to be dynamically unstable in the transonic speed
range. This region of dynamic instability was later confirmed in forced oscillation tests conducted at
the Arnold Engineering Development Center (ref. 4). These same forced oscillation tests also
showed a second region of instability near a Mach number of 2, unconfirmed by ballistic range tests.
Since these instabilities can have a significant detrimental effect on vehicle flight behavior, it was
believed desirable to further examine and confirm the instability at M = 2 in free flight tests.

In addition, at the start of this test program, most of the available aerodynamic data for Viking
had been obtained in air as a test medium. Some tests were being conducted concurrently with the
present program in tetrafluoromethane, CF, (refs. 2, 3, and unpublished data from Martin-Marietta
Corp., Denver Division). Since the Martian atmosphere is composed mainly of carbon dioxide, it
was felt that a preliminary investigation should be conducted to determine the effects, if any, of
operating in a CO, atmosphere. For these tests, matching of the equilibrium composition of the gas
in the shock layer was emphasized rather than matching of selected nonequilibrium flow conditions.
The latter would also be of interest, but they are not considered here.

The tests reported herein were conducted in free flight through air and CO, in the ballistic
range facilities of Ames Research Center.



MODELS

For these tests, two versions of the Viking Entry Vehicle were used. These models were
geometrically identical to a location 0.333 d aft of the physical nose, but had different base cover
geometry (fig. 1(a)). The forebodies consisted of a 70° half-angle cone with the apex rounded to a
radius of 0.25 d and with the corner slightly rounded. The afterbodies consisted of two truncated
conical segments with the half-angles shown in figure 1(a).

Model A, which had the shorter afterbody, is identical to configuration 721M reported in
reference 4. This particular configuration was selected, for convenience, because it allowed the use
of a homogeneous model with the proper center-of-gravity location (x/d = 21.3 percent) but still
showed the dynamic stability characteristics of interest.

Model B was made bimetallic (fig. 1(b)) in order to locate the longitudinal center of gravity
(x/d) at 21.5 percent from the physical nose and the lateral center of gravity (z/d) at 1.34 percent
from the axis of symmetry to achieve a desired trim angle of attack of 11.2° (ref. 7).

TESTS

The models were tested in free flight — model A in the Ames Pressurized Ballistic Range (PBR)
and model B in the Ames Hypervelocity Free-Flight Aerodynamic Facility (Aero). Model A was
tested in air at Mach numbers near 2.0 and Reynolds numbers (based on model diameter) of about
600,000.

Model B was tested in CO, at a Mach number of 11.3 (= 3 km/sec), a Reynolds number (based
on model diameter) of 890,000, and an equilibrium density ratio (p/p_) across a normal shock wave
of 1071 . These conditions were selected so that the equilibrium composition of the gas in the shock
layer would approximate that for the full-scale vehicle while, at the same time, the Reynolds
number would represent a point on the Viking nominal entry trajectory. (It was also determined
that the ambient density would be sufficient to give the desired model pitching motion.) Chemical
analysis of gas samples taken from the test facility immediately before model launch showed a
mixture composition of roughly 0.99 C02, 0.008 N,, and 0.002 0,.

Model A was launched from a 57-mm smooth-bore powder gas gun; model B was launched from
a 38.1-mm (1.5 in.) diameter deformable-piston, light-gas gun (ref. 14). The models were, in each
case, adapted to the guns by means of four-piece plastic sabots. Figure 2 is a photograph of model A
in a typical four-piece nylon sabot. Model B, launched at higher speeds, used a four-piece
polycarbonate (Lexan) sabot. The sabots launched the model at both 0° angle of attack (fig. 2) and
at 10° angle of attack using a canted sabot (not shown).

Shadowgraphs were obtained in orthogonal planes at 16 observation stations over a ballistic
flight of 23 m (Aero) and at 24 observation stations over a ballistic flight of 62 m (PBR). The
photographic observation stations for each facility contain accurately calibrated fiducial systems so
that the spatial position and attitude of the model at each station can be determined precisely over
the entire length of the flight. Electronic chronographs measured the time of the model flight
between stations.
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Accuracy of the Data

The accuracies of the measured quantities for obtaining the aerodynamic coefficients from the
model motions are as follows:

Measurement PBR Aero
X, ¥, 2 +0.013 cm +0.013 cm
o, +0.125° +0.5°
t 0.625 usec 0.02 usec
r. 0.1 mm Hg 0.1 mm Hg

REDUCTION OF THE DATA

The aerodynamic coefficients were determined from analysis of the free-flight motions by use
of the data reduction program described in reference 15. This program determines drag from the
time-distance history of each flight, the static and dynamic stabilities from the oscillatory history of
model motion, and the lift-curve slope from the swerve measurements and oscillatory motion of
the model.

Linear aerodynamics are assumed in the data reduction program. However, this does not
prevent the use of the method for bodies with nonlinear stability coefficients, since a method for
defining the nonlinear coefficients from the quasi-linear data analysis is available (refs. 15 and 16),
and was applied.

Although the data reduction program is theoretically restricted to models having only small
asymmetries, past experience has shown that reasonably reliable results can be expected for models
having significant amounts of asymmetry. This will be discussed in greater detail in the Results and
Discussion section with regards to the CO, tests of the trimmed model.

RESULTS AND DISCUSSION

The static and dynamic characteristics of the Viking configuration for the two series of tests
incorporated here are presented in table 1 and in figures 3 through 10. Figures 3 through 9 show
data for the low-speed tests in air, while figure 10 presents the drag coefficients for the high-speed
tests in CO,.

Tests in Airat M = 2

The experimentally determined dynamic-stability coefficients G, + Cm&) for model A are

presented in figure 3. Included in this figure for comparison is a faired curve representing the data



shown in figure 13(a) of reference 4. Although there appears to be considerable scatter in the data,
a close examination shows a definite variation with pitching amplitude. This variation of the
dynamic stability with pitching amplitude is shown more clearly in figure 4, which is a crossplot of
figure 3 as a function of pitching amplitude for M = 2.1 (the point where the AEDC data showed a
maximum instability). This presentation shows the model to be dynamically unstable at the lower
pitching amplitudes, but stable above an amplitude of about 8°. At small angles of attack in the
M=19 to 2.3 range (fig. 3), the model is dynamically unstable as indicated by the data of
reference 4. Also, at Mach numbers above 2.7, the ballistic range data show dynamic stability even
at pitch amplitudes as low as 2°. Although the AEDC data appear in general to show more
instability than the ballistic range data, note that the pitch amplitudes for the AEDC tests were less
than 2°. At these amplitudes, the data from reference 4 would agree well with a reasonable extra-

polation of the present data (fig. 4).

The quasilinear pitching-moment and lift-curve slopes (Cma and CLa’ respectively) are

presented in figures 5 and 6, respectively, as a function of Mach number and pitch amplitude. Both
the static stability (C,, ) and the lift-curve slopes (CLa) are relatively independent of Mach number
«

in this speed range. The model is statically stable but the stability decreases moderately with
increasing pitch amplitude (fig. 5(b)). The lift-curve slope is negative and is relatively unaffected by
pitch amplitude.

The nonlinear pitching moment and lift curves derived from the above Cma and CLa data by

the methods of references 15 and 16 are presented in figures 7 and 8, respectively. These data are
presented for two-term representations of the nonlinear curves, one being a linear plus a squared
term, and the other a linear plus a cubic term. The two curves are in both cases, identical up to 12°
angle of attack. Ticks indicate both the maximum test values of & - and pitch amplitude. The tick
for the maximum pitch amplitude should be considered the absolute limit to which the curves can
be used. On comparison of these moment and lift curves with existing wind-tunnel data, the ballistic
data are seen to indicate somewhat less stability than the wind-tunnel data reported in reference 12,
although both sets of data show the same degree and type of nonlinearity. The lift data from this
test are essentially identical to that reported in reference 6 and indicate only a small amount of
nonlinearity. It should be pointed out that, due to the nonlinearity of the pitching-moment curve
(fig. 7), the deduced values of G, + Cm& presented in figure 3 are slightly high. A detailed

discussion of this effect is given in ref%rence 16.

The drag coefficients obtained for model A are presented in figure 9. The data show little
effect of either Mach number or angle of attack for the ranges of these variables encountered during
the tests. The agreement between these data and that of reference 6 is excellent, within 0.7 percent.

Tests in CO2 atM=11.3

The aerodynamic data obtained for model B in a simulated Martian atmosphere (CO,) are
presented in table 1 and in figure 10. This series of tests was exploratory in nature, intended to
provide a preliminary look into possible effects of flight in CO, on the aerodynamic characteristics
of the Viking entry vehicle. The majority of the data is presented in tabulated form in table 1
because of difficulties encountered in presenting the data graphically, as discussed below.
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The drag coefficients obtained for model B are presented, however, in figure 10. Also included
in this figure are data from references 2, 3, 12, 13, and unpublished data from the Martin-Marietta
Corp., Denver Division (CF,), and the Ames Hypervelocity Free-Flight Aerodynamic Facility (air).
Note that the data presented in reference 12 are a compilation of data presented in references 5, 6,
9, and 10, and are (in general) for configurations with flat afterbodies. The configuration of refer-
ences 3, 13, and the unpublished Martin-Marietta data, however, had the Viking afterbody. Although
there are variations in M and Re among the data compared, data for the PAET configuration
(ref. 17) show only small decreases in drag coefficient at M > 8 and only a small effect of Rey-
nolds number for Re; > 400,000. It can be seen that in general the results in CO, and CF, are
slightly higher than those in air. The data from the tests in CO, compared with the unpublished
Ames data in air show an increase in Cpy of approximately 3 percent in this angle range. The data of
references 12 and 13 agree closely with the unpublished Ames data for tests in air. The data of
references 2 and 3 show considerable differences between the results in air and CF,, while the
unpublished Martin-Marietta data show a difference comparable to that between the data of this
report and the unpublished Ames data. This is significant because errors in drag of this magnitude
would appreciably affect the atmospheric reconstruction to be performed from data taken during
entry. As a result, it would be desirable to obtain drag coefficients for other Mach numbers along
the entry trajectory.

For the other aerodynamic properties, limitations to small asymmetry in the data reduction
program (refs. 15 and 16) are significant since the trim angle here is about 11°. As noted earlier,
past experience has shown that reasonably reliable results are obtained for models having significant
amounts of asymmetry. However, for normal symmetric models, where the oscillatory motion is
about zero angle of attack, the average value of the maximum-angle envelope () is representative
of the model motion. For the asymmetric model this is no longer true because the model now
oscillates about its trim angle of attack. Thus, the average value of the maximum-angle envelope
(am) deduced by the data reduction program is referenced to the trim angle and does not clearly
represent the model motion. Because of uncertainties in how to present these data graphically and
because of the preliminary nature of the data it was decided to present these data in tabular form
only. However, even though there are uncertainties regarding the interpretation of the data, there
are some observations that can be made. The data show the model to be both statically and
dynamically stable, and to have a negative lift-curve slope, as expected for this type of blunt body.
Both the static-stability coefficients (Cma) and the lift-curve slopes (C La) decrease with increasing

pitch amplitude. (An exception to this observation is the static-stability coefficient for the model
motion having the smallest pitch amplitude. No explanation is available for this apparent anomaly.)
The dynamic-stability coefficients appear to be in generally good agreement with configurations of
this general class (ref. 11).

It is clear that further tests in CO2 to establish L/D, oy, and other significant properties of the
Viking entry vehicle would be warranted.

CONCLUDING REMARKS

The aerodynamic data presented here show the results of tests to evaluate the dynamic
stability characteristics of the Viking Entry Probe at M = 2 in air and of preliminary tests to
evaluate the effect of a simulated Martian atmosphere on the vehicle.



The dynamic-stability data (C,, + Cm&) obtained at low speed in air confirm the region of

dynamic instability at Mach numbers near 2 previously seen in forced oscillation tests at AEDC
(ref. 4). Agreement between these two sets of data is quite good.

The static-stability data obtained from ballistic-range tests in air show the model to be
somewhat less stable than do the wind-tunnel data of reference 12 although both sets of data show
that the static stability decreases moderately with increasing pitch amplitude.

The lift coefficients obtained from the ballistic range tests in air are essentially identical to the
wind-tunnel data presented in reference 6 and relatively unaffected by Mach number and pitch

amplitude.

A significant effect of the simulated Martian atmosphere is an increase in the drag coefficient
of 3 percent. Errors in drag of this magnitude would appreciably affect atmospheric reconstruction
during entry and should be investigated in more detail. The model was statically and dynamically
stable with no apparent anomalies that can be attributed to the test medium (CO,).

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif. 94035, November 11, 1974
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TABLE 1.

— DATA SUMMARY

- o .8 dev. »z dov- a1 1, X107, DLA s| op V.,
| o xR o | b €[] e | | Gy | onte | e | | S | i | ety [0 8 e
(a) Aerodynamic facility

902 189 | 05423 19+ | 1573 0124 | 144 | 514 | ot 0.2999 2.68 3.88 12933 | 040 |0.018 | 50833 { 02498 03219 | 05754 | 200570 | 0.1218

176 | 5042 3-12 { 1.562 423 | 141 | 200 | -05 3.09 421 70.16 40 | 021

161 | .4624 | 615 | 1.546 M7 153 | 434 | 06 30 4.58 65.43 55 | 022

1.57 | .4494 | 7-16 | 1.542 12| 156 | 556 | .12 3.52 481 68.71 49 | 019
903| 192 | .5498 1-10 | 1.580 109 [ ta9 | 92 | -1 3003 5.07 7.35 7.42 59 | 015 5.0765 2489 3195 5757 200754 | 1221

1.81 5184 312 | 1.573 110 | 148 48 | -3 5.28 132 5.71 36 -037

163 | 4682 | 616 | 1.555 J12| 150 318 [ .01 5.42 8.04 9.13 73 | 028
904| 226 | 6527 1-10 | 1.586 117 | 156 | 682 | .18 3018 3.07 3.51 134 | 45 | o014 5.0818 2499 3221 5751 | 200385 | 1224

213 | 6151 312 | 1583 A5 |40l 773 | 24 362 4.18 134 49 | 03

192 | .5550 | 616 | 1.572 A5 (1S3 | 731 | 21 4.58 5.1 122 56 | 042
905| 3.0 | 9047 1-10 | 1.574 d27 | 152 | 07 | - 3043 1.38 1.88 5.37 36 | 021 5.0726 2494 3209 5753 | 200033 | .1233

292 | 8526 | 312 | 1574 425 | 147 | 200 | -.05 127 183 6.77 40 | 031

276 | 8036 514 | 1.576 422 | 153 | -151 | -23 1.29 1.86 1094 | 45 | 027

260 | 7574 | 7-16 | 1578 125 | 143 | 285 | -01 1.57 2.09 13.93 51| 030
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213 | 6179 514 | 1573 16 | 158 | 1146 | 42 4.06 542 2.16 23 | 030

201 | 5825 7-16 | 1.570 A1) 156 | 701 19 4.59 572 1.94 48 | .038
907| 260 | .7460 1-10 | 1.589 11| 145 | 625 .16 3004 346 4.48 166 | 47 | 015 5.0785 2493 31 5763 | 200189 | 1221

252 | 741 211 | 1589 08 | tas | sas 4y 3.55 452 197 50 | 020

238 | 6826 | 4-13| 1.587 A1 | 146 | 452 07 3.86 511 212 S1o| .02

231 | 6628 5-14 | 1.586 A1 141 | 489 9 4.16 535 2.06 49 | 022 ‘

2.18 | .6248 7-16 | 1583 A16 ] 149 | 484 .09 4.54 571 1.83 S1 | 021 A

(b) Pressurized ballistic range

1536 199 | 5690 | 415 | 1.579 105 | 143 | 225 | -04 2993 122 9.42 3.02 37 | 019 5.0813 9496 12320 | 5726 | 198966 | 0320

189 | 5392 | 819 | 1.570 105 | 139 | 166 | 07 7.29 9.65 247 58 | .030

1.80 | 5138 | 1122 | 1.566 103 | 143 | 209 | -04 7.53 10.13 2.50 55 | 041

174 | 4977 | 1424 | 1559 102 | 144 | 442 | 07 8.15 1052 2.55 66 | .034
1537 210 | 6207 | 415 | 1.549 102 [ 146 | 98 | -10 3078 9.99 1474 16.94 23 | 016 | 50813 9493 1.2330 5734 | 19.8778 | .0329

202 | 599t 718 | 1.547 402 ] 144 ) 185 | -06 1046 15.02 17.07 24 | 032

192 | 5692 | 1021 | 1.539 102 | 144 | 165 | 07 1045 15.47 15.63 28 | 034
1538 | 210 [ 6284 | 313 | 1.560 104 | 145 | 154 | -07 3097 672 9.29 3.67 45 | 018 5.0818 9502 1.2350 | 5731 | 19.8719 | 0331

200 | 5965 | 718 | 1.552 104 | 146 | 419 | 06 7.05 9.88 392 34 | 016
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1539 | 208 | 6281 414 | 1.558 103 | 149 | 124 | -09 3122 8.16 12.09 6.43 10| 021 5.0823 9451 12260 5719 | 199161 | 0335

201 | 6075 7-17 | 1.559 103 | 148 | 152 | -08 8.64 1235 6.35 09 | .030

193 | 5811 9-20 | 1.551 103 | 148 | 224 | -04 8.67 1297 6.31 38 | 033

184 | 5543 1223 | 1551 102 | 147 | 230 | -04 896 13.48 6.34 50 | 037

178 ' 5377 1624 | 1.557 101 | 143 | 272 | -01 9.16 13.85 6.63 53| 041
1540 215 6348 313 | 1.564 105 | 1.48 | 182 | -06 3069 6.07 8.77 30.24 d0 | 015 5.0818 9492 1.2320 5720 | 198917 | 0328

206 6077 717 | 1.566 106 | 151 | 290 | —01 631 9.08 36.32 A5 | 014

197 5817 920 | 1361 107 | 151 135 -09 6.25 9.29 29.97 J8 ' 014

188 5553 1223 1.561 107 | 1.49 08 -5 6.39 936 34.67 21 014
1556 225 6721 314 1555 103 | 147 92 -1 3092 784 | 1151 8.53 16 028 5.0818 9494 12340 5720 | 19.8760 | .0330

215 .6d4ls 7-18 1553 102 | 147 131 -09 795 11.67 9.26 24 0%

208 6191 920 1552 102 147 124 -09 l 821 1181 8.09 34030 J

196 5829 1324 1558 102, 146 153 | -08 8.51 12.09 8.64 21 02 J

(c) Acrodynamic Facility, CO,

1042 12.36 8123 1-16 | 1.606 132 | 141 | -3.18 [ -30 1792 10.30 9.96 39.84 | 1373 2.0318 1366 209001 | 0213 | 7.65| 3.34
10431 11.66 7673 1-16 | 1.578 125 | 133 ] ~4.05 | -33 1796 11.52 12.24 729 | 1.056 2.0320 1372 21.0150 | 0212 | 797 3.15
1044 | 1129 7439 214 | 1.586 30| 148 {1 -3.20 | -30 1796 1242 1021 247 | 1499 2.0307 1357 208976 | .0214 | 8.3} 3.04
1045 | 11.66 anz 214 | 1.577 425 | 127 46 [ -2 .1801 11.96 11.03 473 | 1.848 2.0318 1366 207349 | 0214 | 7.70| 3.14
1046 | 1174 | 7791 1414 | 1.558 122 | 137 127 | -08 .180s 12.52 15.08 506 | 1415 20318 1357 210105 | 0216 | 6.84| 3.16
1047 | 1165 | 7736 1-14 | 1.589 01| 162 292 | -01 .1810 9.93 5.83 9.72 | 1.050 20300 | .1367 209730 | 0214 | 877 314
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Figure 5.— Static stability (Cma) for model A in air.
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Figure 7.— Variation of the pitching-moment coefficient with angle of attack for model A in air.
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Figure 9.— Drag coefficient for model A in air.
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